The electronic and transport properties of graphene are strongly dependent on its edge structures[@b1], and therefore graphene with edges, so called graphene nanoribbons (GNRs), have been intensively studied[@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15] since its experimentally isolation. As the crucial step for fabricating graphene into future nanoelectronics[@b2][@b16][@b17], understanding the thermal dynamics of its edges has been the major focus among those studies. Recently, we revealed that the zigzag edge (Z-edge) of single layer graphene (SLG) is thermally unstable and they can be easily modified to form armchair segments along ±30° with respect to the original edge direction[@b16]. For bilayer graphene (BLG), Liu *et al.* observed by HRTEM[@b2] that BLGs would transform to AA-stacked style with closed edges after extremely high temperature annealing (2000 °C). Meanwhile, using NEXFAS[@b17], Joly *et al.* indirectly observed the loop formation of the edges of few-layer graphene (FLG) after high temperature annealing (1500--2000 °C). However, the information about low temperature thermal dynamic behavior of AB-stacked BLG is still very limited. For example, few reports notice the rule that, for AB-stacked BLG under low temperature which impeded layer gliding, geometry incompatibility limit armchair edges (A-edges) form closing edges with perfect sp[@b2] hybridized C-C bonds ([Fig. 1c,d](#f1){ref-type="fig"}), and allow only zigzag edges (Z-edges) form closed edge loop ([Fig. 1a,b](#f1){ref-type="fig"}). Therefore, AB-stacked CEBG with Z-edges could be formed under low temperature. Furthermore, our recent theoretical work predicted that the AB-stacked CEBG will present the unusual electronic properties of band gap opening and charges separation due to pseudospin repulsion[@b4] makes detailed experimental observation on the CEBG edges fundamentally meaningful. While AB stacking is the native stacking style of graphene layers[@b18] and low temperature processing of graphene is also much more practically desirable, further investigation on low temperature thermal dynamic behaviors of AB-stacked BLG edges would be timely and meaningful towards the complete understanding of BLG edge dynamics.

In this paper, we using Density Functional Theory (DFT) calculation theoretically predict that the AB-stacked CEBG can be formed easily because of the energetically favorable. Polarized Raman spectroscopy and Raman images were carried out to investigate the thermal dynamics of AB-stacked FLG edges, and the experimental results provide clear evidence that the AB-stacked CEBG can be formed at very low temperature (\<500 °C).

Results
=======

The formation of AB-stacked CEBG can be understood by DFT calculation results. [Figure 2](#f2){ref-type="fig"} shows the evolution of system energy for AB-stacked BLG from its initial open edge to the final relaxed state with closed Z-edges through a dynamic process. In this simulation study, we did not observe any energy barrier from the initial open edge state to closed edge state, instead, the system energy undergoes more than 2 eV drop when the atoms on the top and bottom Z-edges firstly bonded. Afterward, the system energy further decreases slightly ([Fig. 2g](#f2){ref-type="fig"}) by structure relaxing ([Fig. 2b--f](#f2){ref-type="fig"}). Therefore, it is clear that the AB-stacked CEBG is dynamically and energetically favorable. Furthermore, it is also reported that the open and sharp Z-edges of AB-stacked BLG can be transformed to CEBG rapidly according to the quantum molecular dynamics simulation results[@b19].

To confirm this theoretical prediction, we carried out systematic experimental studies based on Raman spectroscopy. Raman spectroscopy is a non-destructive, fast and effective tool for investigating graphene-based material[@b20], not only for detecting defects, doping and intercalation[@b21][@b22][@b23][@b24] but also for identifying edge structures[@b11][@b12][@b14][@b16]: the D band is inactive for Z-edge but it is activated for A-edge, and its intensity is strongly dependent on incident laser polarization. [Figure 3a--c](#f3){ref-type="fig"} show the integrated G peak Raman images of graphene flakes with layer number of 1 (SLG), 2 (BLG) and 3 (Trilayer graphene, TLG), respectively (both BLG and TLG have AB stacking sequence). Each graphene sample consists of two sharp edges with angle of 150°, meaning that two edges must have different chiralities. [Figure 3d--f](#f3){ref-type="fig"} show Raman images of D peak intensity for pristine graphene samples of SLG, BLG, and TLG, respectively. A prominent D peak observed along the left edge (edge A~1~, B~1~, and C~1~) of each sample indicates a predominantly armchair edge, while the absence of obvious D peak for the right edge for each sample (edge A~2~, B~2~, and C~2~) indicates a predominantly zigzag edge[@b11][@b12][@b14][@b25]. Raman images of the D peak intensity of the same samples after 500 °C annealing are shown in [Figure 3g--i](#f3){ref-type="fig"}. It is noticed that there is no obvious change in the D peak intensity for annealed A-edges (left edges) of each sample as they still show prominent D peak. Furthermore, for Raman spectra of A-edges of SLG, BLG and TLG ([Fig. 4c,d](#f4){ref-type="fig"}), the intensity ratio of I~D~/I~G~ decreases slightly after anneal, because annealing induced doping results in a decrease in the D peak intensity[@b26]. The results of Raman images and spectra indicate that thermal dynamic behavior for few-layer graphene (BLG and TLG) A-edges is similar to that of SLG[@b16], and we will show detailed analysis of the annealed A-edges by polarized Raman results later.

On the other hand, for Z-edges, SLG and TLG respectively show strong D peak after annealing, while the D peak of BLG almost keeps Raman inactive after annealing. Raman spectra for pristine and annealed Z-edges are respectively shown in [Figure 4a,b](#f4){ref-type="fig"}. It is clearly seen that only Z-edges of SLG and TLG show prominent D peak after annealing while the BLG still shows absence of the D peak similar to that of precursor pristine sample. We have examined more than 20 Z-edges and all SLGs and TLGs show obvious activated D peak after annealing while the BLGs do not. The behavior of SLG can be easily understood as thermal dynamics of Z-edges of SLG has been reported elsewhere by our group[@b16]. It has been revealed that Z-edges of SLG are not thermally stable and can be easily transformed to armchair segments at ±30° with respect to the original edge direction after annealing, and thus it present strong D peak[@b16]. However, the behavior of BLG after annealing is very different. One reasonable explanation for BLG Z-edges is that the low temperature annealing leads the carbon atoms of top and bottom edges bond to each other to form intact sp[@b2] hybridized smooth loop configuration, which follows our simulation results ([Fig. 2](#f2){ref-type="fig"}). As there are no open edges, it is reasonable to expect the D band remains absent when the loop is smooth enough[@b27].

Because D peak intensity is strongly dependent on laser polarization for armchair segments, we carried out polarized Raman study to further analyze the thermal dynamic behavior of A-edges and Z-edges in details. [Figure 5](#f5){ref-type="fig"} shows the experimentally obtained I~D~/I~G~ as function of θ for pristine and annealed edges (SLG, BLG and TLG). θ is the angle between incident laser polarization and edge direction; for each θ, line scan was used to determine the exact edge position by observing maximum D peak intensity I~D~. The fitted curves for A-edges and Z-edges are based on the formulas described in Ref. \[16\] throughout this paper. For annealed Z-edges, BLG only shows very weak I~D~/I~G~ even when the incident laser polarization is parallel to the edge direction; while TLG not only shows obvious activated D peak similar to that of SLG, but the polarization dependent tendency is also very similar. For SLG, a large portion of the Z-edge is easily modified in form of armchair segments at ±30° after 500 °C annealing, and hence I~D~/I~G~ shows some extent polarization dependence[@b16]. Based on above results, we conclude that for TLG, although two of the adjacent open Z-edges may form closed structure, the D peak must be activated because at least one lonely Z-edge of TLG should follow similar structure modification as that of SLG upon annealing[@b16].

For A-edges, the pristine SLG, BLG and TLG present obvious polarization dependent intensity ratio of I~D~/I~G~ ([Fig. 5a--c](#f5){ref-type="fig"}). After annealing, the polarization dependent intensity ratio of I~D~/I~G~ becomes slightly weaker ([Fig. 5d--f](#f5){ref-type="fig"}). For SLG, the weaker polarization dependence of A-edge is explained as the edge structure modification (*i.e.* Some portion transforms to armchair segments at ±60° with respect to the original edge direction and hence weaken the total polarization dependence)[@b16]. The similar dependent tendency of polarized intensity ratio of I~D~/I~G~ for TLG and BLG to that of SLG indicates that the A-edges of TLG and BLG have similar thermal dynamic behavior as that of SLG. In other words, the A-edges of TLG and BLG can be respectively considered as three and two independent individual A-edges when they are undergone thermal treatment. This is reasonable because unlike Z-edges which can form closed structure upon annealing, the adjacent A-edges of AB-stacked FLG cannot form perfect sp[@b2] hybridized closed structure due to geometrically incompatibility as aforementioned ([Fig. 1c,d](#f1){ref-type="fig"}).

Discussion
==========

Liu *et al.* recently reported that AB-stacked graphite transformed to AA-stacked BLGs with both A-edges and Z-edges closed after extremely high temperature annealing (*2*000 °C)[@b2]. Here, we propose a thermal dynamic model to elucidate the structure evolution for AB-stacked BLG edges (both Z-edges and A-edges) according to our low temperature experimental results and high temperature results elsewhere[@b2]: When AB-staked BLG annealed at low temperature, Z-edges start to form closed structure because such edge structure is geometrically compatible and energetically favorable ([Fig. 1a,b](#f1){ref-type="fig"} and [Fig. 2](#f2){ref-type="fig"}), while the A-edges keep open because of geometrically incompatibility for the formation of closed structure ([Fig. 1c,d](#f1){ref-type="fig"}). When the temperature increases, the thermal vibrating amplitude of carbon atoms becomes much larger ([Fig. 1a,b](#f1){ref-type="fig"}). When the annealing temperature is high enough (*i.e.* ∼2000 °C), the top and bottom graphene layers have very high opportunity to transform to AA stacking sequence which requires a shift of the graphene layer by a C-C bond length along the x-axis ([Fig. 1d](#f1){ref-type="fig"}). In that case, atoms on the A-edges can bond each other to form interconnected configuration similar to Z-edges[@b28]. This thermal dynamic model for the edge structure evolution explains the results that AB-stacked graphite transforms to AA-stacked BLGs with both closed Z-edges and A-edges[@b2].

In conclusion, we revealed by DFT calculations and systematic Raman investigations that the AB-stacked open Z-edges of BLG can transform to closed sp[@b2] hybridized structure easily even at very low annealing temperature because such structure is geometrically compatible and energetically favorable, and the closed edges are thermally stable. In contrast to thermal dynamic behavior of Z-edges, A-edges of AB-stacked BLG cannot form closed sp[@b2] hybridized structure due to geometrically incompatible, and thus the A-edges for BLG behaves as two independent SLGs. The formation of closed Z-edges for AB-stacked BLG by low temperature treatment matches the semiconductor manufacturing process, thus this finding may benefit graphene-based nanoelectronics as closed edges of AB-stacked BLG is predicted to present exotic electronic properties, such as pseudospin repulsion induced bandgap opening and charge separation[@b4].

Methods
=======

Fabrication of pristine and annealed SLG, BLG and TLG
-----------------------------------------------------

Graphene samples were prepared by conventional micromechanical cleavage method on silicon wafer covered by 300 nm SiO~2~. The layer number from 1L to 3L of graphene flakes were confirmed by Raman and contrast spectra[@b29][@b30][@b31].

Raman spectroscopy measurements
-------------------------------

The Raman spectra were carried out with a WITEC CRM200 Raman system, with excitation laser wavelength of 532 nm and 100× objective lens (Numerical Aperture, NA = 0.95). The laser power at sample is below 1 mW to avoid possible laser heating induced sample damage[@b32]. Raman images with a spatial resolution of ∼600 nm are realized with a piezo stage (step size 100 nm) and the integration time at each position is one second. Samples with straight edges and angle of 150° between adjacent edges were selected so that for each sample, one edge is A-edges (strong D peak) and the other is Z-edges (weak D peak). Each single Raman spectrum of graphene edges is determined by Raman line scan (step size 50 nm) across the edge to make sure the maximum intensity of D peak is approached. The annealing process for each graphene sample keeps at the same condition: annealing at 500 °C for 15 minutes and the vacuum level is 5×10^−5^ mbar.

Nudged elastic band simulations
-------------------------------

The energy barriers of edge closing of bilayer graphene, modeled as shown in [Figure 2](#f2){ref-type="fig"}, have been studied with nudged elastic band method. First principles total energy calculations of DFT are performed within Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation. The projected augmented wave method as implemented in the VASP code[@b33][@b34][@b35] is employed to solve the Kohn-Sham equations. A kinetic energy cutoff of 400 eV and the k-points sampling of 24×1×1 are used for simulating CEBGs. All model structures are optimized with the vacuum separation set to be more than 10 Å, and the total energy converges to 1 meV.
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![Schematic atomic structure for AB-stacked BLG edges.\
(a,b) Geometrically compatible closed Z-edges; (c,d) Geometrically incompatible that A-edges cannot form closed structure.](srep00012-f1){#f1}

![Modeling of the closed Z-edges of BLG formation from the initial open-edge configuration.\
(a,b) Edge structure evolution from open edges to closed edges; (c--f) The energy relaxation dynamics of closed edges by curvature smoothing. (g) The system energy evolution versus the modeled structure configurations as shown in (a--f).](srep00012-f2){#f2}

![Raman images for SLG, BLG and TLG.\
(a--c) G peak intensity for pristine SLG, BLG and TLG, respectively; (d--f) D peak intensity for pristine SLG, BLG and TLG; (g--i) D peak intensity for annealed SLG, BLG and TLG. The polarizations of the incident laser are all horizontal and the scale bar for each image is 1µm.](srep00012-f3){#f3}

![Raman spectra for SLG, BLG and TLG.\
Pristine (a) and annealed (b) Z-edges; Pristine (c) and annealed (d) A-edges.](srep00012-f4){#f4}

![Polarization dependence of I~D~/I~G~ for SLG, BLG and TLG.\
θ is the angle between laser polarization and edge direction. (a--c) Pristine A-edges for SLG, BLG and TLG, respectively. (d--f), Annealed A-edges for SLG, BLG and TLG, respectively. (g--i) Annealed Z-edges for SLG, BLG and TLG, respectively. The scale bar for the polar graphs is 0-0.5 for SLG, 0-0.35 for BLG and 0-0.2 for TLG.](srep00012-f5){#f5}
